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Quasi-two-dimensional  electron  gas  (Q-2D-EG)  forms  at  the  interface  between  two  perovskite 
band  insulators;  LaAIOs  (LAO)  and  SrTiOsiSTO)  [1].  Electrical  properties  of  the  interface  strongly 
depend  on  the  film  thickness  [2].  The  insulating  interface  becomes  conductive  when  the  film 
thickness  exceeds  a  critical  thickness  (3  unit  cell  for  LAO  on  STO).  This  conductive  interface  is  two- 
dimensional  in  characteristics. 

The  physical  origins  of  the  Q-2D-EG  formed  at  the  interface  have  been  under  intensive  debate 
to  date.  Several  mechanisms  have  been  proposed,  such  as  the  polar  catastrophe  at  the  polar 
LAO/non-polar  STO  interface  [2],  structural  distortions  at  the  interface  [3-5],  oxygen  vacancies 
introduced  into  the  LAO/STO  hetero-structure  during  the  growth  of  LAO  [l,6,7-9],  preferential 
cationic  intermixing  at  the  interface  [10-12]. 

The  original  hypothesis  is  of  that  an  intrinsic  nature,  namely  electronic  reconstruction  at  the 
interface  as  a  result  of  polar 
catastrophe  forming  due  to 
polarization  discontinuity.  The  Q-2D- 
EG  was  only  observed  when  films  were 
deposited  on  Ti-terminated  <001> 
oriented  STO  crystals.  The  <001>- 
orientation  provides  AO  -  BO2  stacking 
in  perovskite  phase  (Fig.  1)  [2].  For 
example,  a  SrTiOs/LaAlOs  interface 
normal  to  <001>  produces  a  charge- 
balanced  layer  of  SrTiOs  -  (SrO)°  or 
(Ti02)°  -  intersecting  with  negatively 
charged  (AI02)^'  or  positively  charged 
(LaO)^"^  layers,  respectively,  (this  latter 
"LaO"  layer  should  not  be  confused 
with  "LAO",  the  abbreviation  for 
LaAIOs).  The  basic  mechanism 
proposed  on  the  origin  of  the  Q-2D-EG 
depends  on  the  polarization 
discontinuity  at  the  interface.  This 
discontinuity  results  in  formation  of  a 
dipole  between  (AI02)^and  (LaO)^^ 
layers;  the  electrostatic  potential 
increases  with  increasing  thickness 
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Fig.  1:  a)  At  the  AI02/La0/Ti02  interface  half  an  electron  is 
added  to  the  last  Ti  layer.  This  produces  an  interface  dipole 
that  causes  the  electric  field  (E)  to  oscillate  about  0  and  the 
potential  (V)  remains  finite.  The  upper  free  surface  is  not 
shown,  but  in  this  simple  model  the  uppermost  AIO2  layer 
would  be  missing  half  an  electron,  which  would  bring  the 
electric  field  and  potential  back  to  zero  at  the  upper 
surface.  The  actual  surface  reconstruction  is  more 
complicated  b)  The  AI02/Sr0/Ti02  interface  has  half  an 
electron  removed  from  the  SrO  plane  in  the  form  of  oxygen 
vacancies. [2] 


which  would  result  in  polar  catastrophe.  The  potential  is  low  when  the  films  are  very  thin  (1-3 
unit-cell  thick)  and  the  lattice  polarization  screening  allows  interface  to  be  insulating.  However, 
the  system  is  not  sustainable  for  thicker  films  (>3  unit-cell).  As  the  electrostatic  voltage  increases, 
the  valence  band  maximum  (VBM)  at  the  surface  becomes  equal  to  the  conduction  band 
minimum  (CBM)  at  the  interface,  resulting  in  charge  flow  from  surface  to  the  interface.  On  a  TiOz- 
terminated  substrate  surface  Al02/La0/Ti02  hetero-interface  forms;  the  charge  flow  from  the 
film  surface  starts  filling  up  the  conduction  band  Ti  3d  states  (Fig.  1)  [2,9,13].  The  polar 
catastrophe  can  be  eliminated  with  addition  of  an  electron  per  two  unit  cells  by  changing  the 
valence  state  of  Ti  ion  from  Ti^^to  Ti^^.  On  average  at  the  interface  Ti"^^  becomes  Ti^  Unlike 
semiconductors,  at  the  oxide  interface  there  can  be  multiple  quantum  wells;  sub-bands  of  Ti  3d 
orbitals  exist  in  each  of  the  quantum  wells  [14,15].  Thus  every  electron  transferred  to  the  Ti3d 
orbitals  may  not  contribute  to  conduction.  This  is  also  used  to  describe  why  the  measured  charge 
carrier  densities  can  be  lower  than  what  would  be  expected  from  the  theoretical  value  of 
3.5xl0''-14  /cm^  (le-  per  two  unit  cells).  Orientations  with  SrO  terminated  surfaces  create 
AI02/Sr0/Ti02  interface.  The  lack  of  multi-valence  states  for  hole  generation  -  generated  by 
(AI02)^‘  -  results  in  oxygen  vacancy  compensation  that  produces  an  insulating  interface  [2,13]. 

However  there  have  been  observations  or  lack  thereof  to  contradict  this  hypothesis.  For 
example,  no  p-type  conduction  has  ever  been  observed  on  the  surface.  As  electrons  move  into 
the  Ti3d  bands  at  the  interface,  one  would  expect  that  holes  would  form  at  the  valance  band, 
specifically  02p  bands  on  the  surface.  In  addition,  below  the  critical  thickness  no  electrostatic 
potential  build  up  was  observed  when  investigated  by  XPS.  The  electrostatic  potential  would 
result  in  a  shift  in  the  valance  bands  but  no  such  shift  has  been  observed.  A  third  observation 
that  contradicts  this  intrinsic  hypothesis  is  that  Ti^^  was  observed  for  films  that  are  thinner  than 
3  unit  cells  (below  critical  thickness).  According  to  the  hypothesis,  the  electron  doping  of  the 
interface  should  not  have  started  below  critical  thickness,  thus  all  Ti  should  have  the  4+  valance 
state.  An  intrinsic  electronic  reconstruction  should  have  the  ideal  condition  when  no  additional 
parameters  factor  in,  such  as  oxygen  vacancies  (also  defined  as  the  extrinsic  effect).  However, 
when  the  films  are  heated  up  in  oxidizing  conditions,  the  conductivity  decreases  tremendously 
as  also  shown  in  our  results  (Figure  2);  an  unexpected  result  if  the  electronic  reconstruction  was 
the  only  mechanism  forming  the  electron  gas  at  the  interface. 

In  general,  when  the  films  are  deposited  at  very  low  partial  pressures  (below  lO'^-lO'®  Torr), 
the  charge  carrier  densities  increase  to  values  above  the  theoretical  value,  even  up  to  10‘^Vcm^ 
However,  at  this  condition  the  conductivity  is  mostly  due  to  oxygen  vacancies  that  form  both  in 
the  film  and  the  substrate  and  the  conductivity  is  three  dimensional  in  characteristics.  When  the 
deposition  is  performed  at  lower  vacuum  levels  (lO'^-lO'^),  the  conductivity  is  two  dimensional 
in  characteristics.  No  vacancies  form  in  the  substrate.  However  the  charge  carrier  densities  are 
below  the  theoretical  values  (Figure  2).  As  mentioned  above  one  hypothesis  is  that  not  all  the 
electrons  contribute  to  electronic  contribution  but  some  lay  at  lower  sub-orbitals  and  stay 


localized.  Other  parameters  that  can  factor  in  are  interfacial  strain,  intermixing  at  the  interface 
of  A-site  cations  and  B-site  cations,  cation  and  anion  stoichiometry  in  the  film,  surface  conditions 
of  the  film,  specifically  redox  reaction,  and  the  formation  of  anti-site  defects  on  the  film. 
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Figure  2:  (Left)  Charge  carrier  density  of  films  as  a  function  of  annealing  time  in  ITorr  02  atmosphere  at 
450oC.  The  films  are  deposited  at  different  partial  pressures  of  oxygen,  plume  angle  and  to  different 
thicknesses,  as  indicated  in  the  legend.  (Right)  Mobility  of  the  charge  carriers  for  the  same  films.  (Measured 
at  Xuan  Gao's  laboratories  at  the  Physics  Department  at  Case  Western  Reserve  University). 


In  2006,  Thiel  et  al.  showed  that  the  interface  conductivity  was  tunable  when  the  film  thickness 
was  just  below  the  critical  thickness.  [6]  A  conductive  atomic  force  microscopy  (AFM)  tip  was  used 
to  apply  a  positive  voltage  along  the  thickness  of  the  film  which  created  a  conductive  region 
underneath  the  tip.  This  technique  allowed  writing  of  conducting  wires  in  between  electrodes. 
Application  of  a  negative  voltage  converted  the  interface  underneath  back  into  an  insulator.  The 
tunability  of  the  interface  opened  the  path  for  a  large  number  of  applications;  the  focus  mostly 
has  been  on  transistors.  The  exact  origins  of  the  tunability  is  also  still  under  intensive  debate.  The 
electronic  reconstruction  at  the  interface  requires  reconstruction  at  the  surface  of  the  film; 
structurally,  electronically,  or  chemically.  Electronic  reconstruction  requires  holes  forming  at  the 
surface,  however,  such  p-type  surface  conduction  was  never  observed.  In  structural  and  chemical 
reconstruction  the  two  most  significant  factors  are:  (i)  oxygen  vacancies  and  (ii)  adsorbed 
humidity  on  the  surface.  Originally,  it  was  suggested  that  oxygen  vacancies  at  the 
LAO  surface  would  reduce  or  completely  compensate  for  the  electric  field  developed  in  the  LAO 
film;  oxygen  vacancies  contribute  electrons  to  the  conduction  band  -Ti  3d  at  the  interface.  The 
only  metallic  region  in  this  system  is  at  the  LaAlOs/SrTiOs  interface— the  surface 
remains  insulating.  Tunability  of  the  interface  conductivity  than  can  be  attained  by  removing  and 
adding  oxygen  from  and  to  the  surface  [16,17].  AFM  tip  was  believed  to  be  able  to  overcome 
possible  significant  kinetic  barriers.  However,  the  stability  of  switching  behavior  over  hundreds 
of  cycles,  created  doubts  about  the  kinetically  burdensome  oxygen  vacancy  mechanisms.  In 


addition,  the  interface  properties  and  the  stability  of  the  conductive  interface  were  shown  to  be 
dependent  on  storage  and  test  atmospheric  conditions  [18].  Other  suggested  mechanisms 
included  adsorbed  H2O  which  dissociates  into  OH"  and  adsorbates.  Tunability  by  removing  and 
adding  the  adsorbates  is  kinetically  more  feasible  since  it  does  not  require  physical  modification 
of  the  oxide  hetero-structure  [18,19].  Once  nano-wires  are  written  they  show  greater  stability 
under  vacuum  then  regular  atmosphere  with  finite  relative  humidity.  Other  suggested 
mechanisms  combine  the  two  factors  where  the  presence  of  water,  changes  the  kinetics  of 
oxygen  vacancy  formation  [20].  Dissociation  of  water  and  attachment  of  protons  on  the  surface 
of  oxygen  atoms  can  favor  formation  of  oxygen  vacancies  while  the  electrons  are  still  free  to  go 
to  the  interface.  STO  capping  of  the  films  allowed  circumvention  of  structural  or  chemical 
reconstruction  and  allowed  electronic  reconstruction  on  the  surface  [21].  As  a  result,  the  metallic 
n-type  interface  formed  at  smaller  critical  thickness  (2-unit  cells),  separated  only  by  ~lnm  from 
an  interface  with  low  mobility  hole  carriers  (LAO-STO  capping  layer  interface). 

Films  were  deposited  on  Ti-terminated  crystals.  We  check  the  quality  of  the  substrates  by 
measuring  the  rocking  curves  as  a  function  of  phi  (Figure  3).  A  good  crystal  gives  a  single  domain 
line  with  a  curvature  due  to  the  miscut  angle.  This  crystals  then  is  etched  using  a  buffered 
hydrofluoric  acid  (BHF)  at  pH=6  and  then  annealed  at  900°C.  The  resulting  surface  shows  terraces 
with  step  size  of  0.4nm  which  is  approximately  equal  to  that  of  the  STO,  0.3905nm,  indicating 
that  the  surface  was  indeed  singly  terminated  (Figure  4).  The  thickness  development  of  thicker 
films  (7nm-80nm)  and  strain  development  was  previously  studied  by  us. [22]  The  films  were 
shown  not  to  relax  (<4%)  using  reciprocal  lattice  mapping.  Even  at  greater  thicknesses,  thus 
greater  stresses  due  to  lattice  mismatch,  no  dislocation  formed.  Instead,  surface  cracks  formed 
which  resulted  in  peeling  films.  Even  the  remaining  parts  after  peeling  were  highly  strained  with 
negligible  relaxation  (<2%)  (Figure  5).  When  the  thinner  films  were  studies  using  TEM  in 
collaboration  with  Marie-Helene  Berger  (Ecole  de  Mines,  Paris.  France),  it  was  shown  that  the 
dislocations  did  not  exist  in  these  films  as  expected.  TEM  study  of  60nm  interface  length  did  not 
show  any  dislocations  (Figure  6).  Also  the  Fourier  transformed  diffraction  patterns  showed 
similar  observations  to  that  of  reciprocal  lattice  mapping  (which  cannot  be  used  for  thinner  films). 
The  films  were  pseudomorphic.  There  was  no  change  in  the  lattice  parameters  between  the  film 
and  the  substrate  in  the  in-place  direction  (Figure  7). 


Fig.  3:  c|)-a)  plots  (left)  for  two  STO  substrates  from  two  different  vendors.  Top  crystal  is  of  higher  quality  with 
no  observable  domains.  (Right)  intensity-  to  plots  extracted  from  4)-to  plots  at  around  4)  =100°,  showing  the 
domains  clearly  for  the  low  quality  crystal  at  the  bottom. 

The  interface  properties  are  strongly  influenced  by  the  strain  which  exists  in  cube-on-cube 
growth  systems  due  to  lattice  mismatch  [23].  The  epitaxially  grown  LAO  film  is  strained  in 
LAO/STO  heterostructure  (=3%  lattice  mismatch).  The  existence  of  strain  field  inevitably  affects 
measured  electrical  properties  near  the  interface,  from  which  the  formation  of  Q-2D-EG  at  the 
interface  is  evidenced.  The  presence  of  a  critical  thickness  also  indicates  that  strain  in  the  hetero- 
epitaxial  LAO/STO  system  may  have  an  effect  on  the  formation  of  Q-2D-EG[6].  It  is  also 
worthwhile  pointing  out  that  interfacial  strain  in  a  perovskite  heterostructure  has  been  shown  to 
alter  its  physical  properties.  For  example,  thin  film  STO  can  exhibit  strain  induced  ferroelectricity 
due  to  constraints  of  the  substrate  [24].  Tensile  strain  introduced  by  depositing  the  STO  on 
substrates  with  lattice  mismatch  was  shown  to  eliminate  the  conductivity  at  the  interface,  while 
increasing  compressive  stress  did  not  destroy  the  conductivity  but  decreased  the  mobility  [25]. 


Figure  4:  The  step  size  of  the  terraces  is  near  4A,  indicating  that  the  surface  was  singly  terminated. 


The  origin  of  the  charge  at  the  oxide  based  heterointerfaces,  as  well  as  the  factors  determining 
the  tunability  is  under  intensive  debate  to  date.  There  is  data  that  supports  all  the  proposed 
mechanisms;  the  theory  and  modeling  efforts  trying  to  unify  all  the  observations  resulted  in  a 
multitude  of  conflicting  descriptions.  Especially  quantitative  analysis  and  modeling  require  a 
large  number  of  parameters  to  be  investigated.  The  aforementioned  effects  are  not  necessarily 
exclusive  of  each  other;  however,  any  quantitative  analysis  would  require  identification  of  all  the 
effects  on  the  interface  properties. 

In  general,  there  is  an  assumption  that  the  films  are  stoichiometric  in  character.  Recent  work, 
including  original  work  in  this  report,  suggests  that  the  La/Al  ratio  is  not  1:1  in  these  films  and 
related  defects  exist.  This  non-stoichiometry  in  general  is  evidenced  to  be  on  the  Al-rich  side.  Our 
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Figure  5:  Films  peeling  off  due  to  increased  stress  with  increasing  thickness.  The  films  do  not  relax. 

XPS  work  shows  that  decreasing  the  partial  pressure  of  oxygen  during  deposition  or  decreasing 
the  plume  angle  (Figure  8  and  Table  I),  result  in  more  Al-rich  films.  Even  though  the  opposite  is 
true,  that  the  La/Al  ratio  increases  with  increasing  partial  pressure  of  oxygen  or  increasing  plume 
angle,  the  films  still  remain  Al-rich  and  only  approach  towards  unity.  To  obtain  La  rich  films  in  PLD 
it  is  necessary  to  go  higher  partial  pressures  of  deposition  (i.e.,  >10'^  Torr)  around  which  the  layer- 
by-layer  growth  mechanisms  may  disappear  (as  observed  by  RHEED).  In  characterization  of 
composition  with  XPS  La4d  peak  is  chosen  since  the  kinetic  energy  is  similar  to  that  of  Al2p 
allowing  data  with  similar  depth  profile.  Otherwise  Al  would  have  been  overrepresented. 
Composition  of  the  LAO  single  crystal  is  verified  with  ICP  and  used  to  calibrate  the  sensitivity 
factors  for  the  XPS.  Same  background  and  analysis  window  is  used  to  decrease  error  in 
quantification  and  optimum  charge  compensation  was  achieved  before  every  measurement 
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Figure  6:  (100)  planes  continuous  across  the  interface  with  no  dislocations  over  60nm.  (By  our  collaborator 
Marie  Helene  Berger  at  Ecole  De  Mines,  Paris,  France). 


A  report  using  MBE  processed  films  shows  that  conductivity  only  forms  when  the  films  are  Al- 
rich.[26]  The  composition  is  determined  in  this  case  with  RBS  on  companion  pieces.  The  extrinsic 
contributions  were  ruled  out  based  on  the  following  assumptions:  (1)  Vo  in  the  STO  formed  during 
lower  partial  pressure  growth  which  was  not  the  case  in  MBE  (2)  Vo  in  the  surface  region  of  etched 
and  annealed  STO  was  ruled  out  since  the  same  crystal  was  cut  into  four  pieces  and  were 
distributed  throughout  the  deposition  matrix  allowing  deposition  of  La-rich  and  Al-rich  films  on 
the  same  original  single  crystal  substrate  (3)  Vo  due  to  bombardment  of  the  STO  by  energetic 
species  during  growth  was  ruled  out  based  on  MBE  being  a  low  energy  deposition  technique  (4) 
chemical  mixing  of  La  from  LAO  into  STO  was  ruled  out  based  on  the  same  discussion  for 
assumption  2,  above.  The  conductivity  was  only  observed  in  the  Al-rich  films  and  the  following 
formulation  was  provided. 


La(i-5)Al(n.  8)03 


2  1/nm 


Figure  7:  Psuedomorphic  films  (10  unit  cell  thick)  showing  that  the  relaxation  is  along  the  growth  direction 
with  no  relaxation  in  in-plane  direction. 


Figure  8:  Positions  of  crystals  in  relationship  to  the  plume 


Table  I:  Stochiometry  of  films  as  a  function  of 
deposition  pressure  and  the  plume  angle  (as 
described  in  Figure  8)  as  measured  by  XPS. 


La/AI 

Single  crystal:  1.00 


lOnorr 

pos.  2:  0.91 

pos.  4:  0.94 

10-5  Torr 

pos.  2:  0.88 

Then  for  conducting  interface  to  exist  the  ratio  is  (l-5)/(l+  5)<  0.97±0.03  (i.e,  Al  rich  samples 
are  needed).  The  hypothesis  is  as  follows:  When  the  films  are  La  rich,  they  cannot  occupy  any 
other  site  then  the  A-site  in  the  perovskite.  Thus  La-rich  film  can  form  only  when  Al-vacancies 
exist  at  the  B-site.  As  a  result,  the  B-site  vacancies  can  form  channels  that  allow  Al-cations  to 
move  from  the  interface  to  the  surface.  Such  a  motion  would  result  in  the  decrease  of  the 
electrostatic  potential  that  build  up  as  a  function  of  thickness  and  avoid  polar  catastrophe.  As  a 
result,  an  electron  gas  won't  form  at  the  interface.  EELS  studies  in  the  same  report  showed  a 


greater  number  of  vacancies  at  the  interface  for  La-rich  films  in  comparison  to  Al-rich  films, 
consistent  with  this  hypothesis.  However,  there  have  not  been  any  observation  of  such  channels 
yet.  In  an  Al-rich  film,  since  Al  can  move  into  A-site,  they  can  form  anti-site  defects.  Thus  the  polar 
catastrophe  can  only  be  avoided  by  electronic  reconstruction  at  the  interface  yielding  the 
electron  gas.  The  argument  against  why  the  electron  gas  does  not  form  in  the  stoichiometric  films 
is  based  on  local  inhomogeneties.  It  is  suggested  that  every  film  has  inhomogeneties  with  varying 
La/AI  ratios  and  in  stoichiometric  LAO  there  are  enough  La-rich  regions  to  form  the  channels. 
However,  when  the  (l-5)/(l+  5)<  0.97±0.03  is  achieved,  the  La-rich  regions  become  rare  enough 
to  not  have  an  effect  on  the  response  to  polar  catastrophe.  In  bulk  LAO,  LaAi  anti-site  is  costlier 
than  Alla. (27)  However,  in  general  anti-sites  are  higher  energy  defects  than  vacancies.  However, 
anti-sites  may  still  form  in  the  films  since  built-in  electric-field  can  reduce  the  enthalpy  (AH) 
required  to  form  certain  defects  (until  tc).  Thus  ground  state  is  not  necessarily  defect  free. 


Figure  9:  RHEED  data  showing  the  fluctuations  in  the  intensity  during  growth.  Each  peak 
corresponds  to  a  layer  of  film.  The  noise  is  due  to  the  pulses.  In  this  case,  each  peak  has  7 
noise  peaks,  corresponding  to  7  pulses  to  form  a  layer. 


Compared  to  MBE  films,  our  films  are  deposited  with  PLD.  Thus  a  higher  intermixing  is  a 
possibility.  Intermixing  can  also  be  affected  by  the  plume  angle.  However,  we  also  divide  our 
crystals  into  four  parts  for  electrical,  compositional  and  structural  analysis,  thus  obtaining  the 
relationship  using  the  same  crystal  in  single  deposition.  Films  grown  at  around  10'^  Torr  provide 
the  two  dimensional  electron  gas  with  the  charge  carrier  densities  in  between  lO^^-lO^Vcm^ 
(Figure  1).  TEM  studies  did  not  show  any  Vo  formation  at  the  substrate  in  these  deposition 
conditions.  Vo  in  STO  starts  forming  when  the  deposition  pressure  is  reduce  to  lO'^Torr.  We 
verified  our  thickness  using  RHEED  since  the  films  show  layer-by-layer  growth  characteristics 
(Figure  9).  We  were  able  to  obtain  large  non-stoichimetries  as  shown  in  Table  I  which  makes 
formulation  as  La(i-5)Al03-(3  8 /2)  highly  improbable.  However,  the  aforementioned  formulation 


(La(i-  6)AI(i+  6)03)  can  be  reconfigured  to  show  the  site  occupancy  as  follows:  [La(i-  5)AI(5)]AI03 .  This 
is  an  idealized  form  since  there  is  no-drive  to  equate  [(Al-La)/2]/(l-La)=l.  If  this  equality  holds, 
the  excess  Al  content  (Al-La)/2  is  equal  to  the  number  of  La  vacancies  (1-La),  thus  all  sites  are  full. 
However,  there  can  be  still  additional  A-site  vacancies  that  can  be  charge  compensated  by  Vo. 
Then  the  formulation  would  be:  [La(i-x)AI(5)a(x-5)]AI03-[3(x-5)/2i.  This  is  important  because  Via  forms  a 
deep  acceptor  state  that  accepts  electrons  without  conduction  and  for  a  10  unit  cell  thick  film  if 
there  are  2%  A-site  vacancies,  the  corresponding  charge  would  correspond  to  half  an  electron 
per  unit  cell,  thus  it  can  avoid  the  polar  catastrophe  without  electronic  reconstruction. [28]  Also 
this  means  that  oxygen  vacancies  can  still  form  in  Al-rich  films. 

In  either  case  Al-rich  materials  would  show  Al  anti-site  defects,  thus  Al  would  show  a  different 
electrostatic  environment  in  XPS.  We  have  studied  in  collaboration  with  AFRL  (Dr.  Andrei 
Voevodin)  the  XPS  of  these  films.  A  single  Gaussian  peak  was  fit  successfully  to  all  the  peaks 
despite  a  variation  in  La/AI  ratio  (Table  I).  The  full  width  half  maximum  was  used  as  a  way  of 
identifying  if  there  is  any  type  of  broadening  (Figure  10  and  Table  II).  A  trend  was  observed;  with 
increasing  Al  content  the  Al-peaks  got 
broader.  This  is  consistent  with  increasing 
Al  anti-sites  with  increasing  Al  content. 

However,  changes  are  not  necessarily 
statistically  significant  per  the  accuracy  of 
the  system.  A  larger  data  set  may  help  to 
decrease  the  statistical  uncertainty  in  these 
measurements.  To  decrease  the  error 
charging  compensation  was  performed  for 
each  system.  Also  it  was  shown  that  no 
broadening  was  observed  in  La,  only  in  Al 
such  broadening  was  observed.  The  films 
studies  were  10  unit  cell  size  thick,  thus 
there  was  no  electrostatic  potential  built- 
up.  In  addition,  the  residual  after  the  peak 
is  on  the  higher  binding  energy  side. 

Therefore  it  cannot  be  AlOx. 


Table  II:  The  full  width  half  maximum  values 
from  Gaussian  fits  to  the  Al  peaks  shown  in 
Figure  10  and  the  corresponding  La/AI  ratio 
showing  non-stoichiometry.  The  values  near 
the  titles  in  each  column  is  the  values  for  the 
single  crystals. 


La/AI 

1 

FWHM 

(eV) 

1.2 

0.91 

0.94 

1.5 

1.4 

0.88 

1.6 

Diffusion  studies  were  performed  on  these  films 
using  Ar-sputtering  with  XPS.  A  gentle  Ar 
sputtering  is  used  to  sputter  off  film  layers,  then 
X-rays  are  used  for  studying  the  surface 
composition.  Since  the  sputtering  rate  can  change 
from  material  to  material  the  thickness  can  only 
be  identified  using  this  technique  if  some 
standards  are  employed.  Therefore  the 
composition  in  general  can  be  plotted  as  a 
function  of  time  indicating  the  time  of  sputtering. 
In  addition,  once  the  interface  is  reached,  the 
sputtering  can  cause  intermixing  itself.  Therefore 
it  is  not  a  good  technique  to  identify  the  sharpness 
of  the  interface.  However,  the  profile  can  be 
compared  between  different  cases  (i.e.,  different 

Figure  10:  Al  2p  peak  as  observed  by  XPS. 

annealing  times  etc.)  since  the  contribution  of  Ar- 
induced  intermixing  is  expected  to  be  the  same  in 
all  conditions.  To  study  the  diffusion  the  films  were  heated  up  to  temperature  at  and  above 
deposition  temperature  and  were  hold  for  lOhrs  at  that  temperature.  XPS  depth  profiles  (Figure 
11)  show  clearly  the  pure  film  and  pure  substrate  regions.  The  profiles  for  samples  after  annealing 
at  800°C  for  lOhrs  and  the  as  deposited  films  were  the  same  indicating  that  at  this  scale  there  is 
no  effect  of  time  of  exposure  on  the  composition  profile.  However,  when  the  samples  are  heated 
to  1000°C,  diffusion  of  Sr  outward  was  observed.  Sr  peaks  were  observed  by  XPS  on  the  surface 
of  the  film.  However,  no  La  counter-diffusion  was  observed.  In  perovskite  structure,  there  are  no 
interstitial  sites  for  the  the  A-site  cation  (i.e.,  Sr)  to  diffuse.  Therefore  the  diffusion  would  need 
to  be  substitutional.  Since  there  is  no  counter  diffusion  then  a  regular  substitutional  diffusion 
also  cannot  occur.  This  type  of  profile  change,  then  indicated  that  there  are  A-site  vacancies  in 
the  film  for  Sr  to  diffuse  out  without  La  diffusing  in.  This  is  consistent  with  the  above  argument 
and  formulation  [La(i-x)AI(5)D(x-5)]AI03-[3(x-5)/2j  which  would  mean  that  both  A-site  vacancies  and 
oxygen  vacancies  should  exist  in  the  films.  However,  at  this  level  it  is  not  possible  to  quantify  the 
content.  Increasing  A-site  vacancy  content  would  indicate  a  lowering  of  charge  carrier  density  as 
discussed  previously  which  may  also  be  the  reason  why  values  below  theoretical  charge  carrier 
densities  are  observed  in  general  for  a  two  dimensionally  conducting  system. 

When  the  films  are  heated  to  even  higher  temperatures  (1200°C),  La  starts  diffusing  in.  No  B- 
site  cation  diffusion  is  observed  at  this  temperature.  Only  when  the  system  is  heated  to  1400°C, 
we  can  observe  a  uniform  profile  of  Sr,  La,  Al,  and  Ti  in  the  depth  studied.  However,  when  XRD  is 
performed  it  is  possible  to  see  a  new  peak  that  is  epitaxial.  This  peak  increases  in  intensity  as  a 


function  of  annealing  time  at  the  expense  on  LAO  peak  (Figure  12).  This  indicates  that  the  film 
reached  a  saturation  limit  of  all  four  cations,  however,  pristine  STO  still  exists.  It  is  interesting  to 
note  that  the  saturated  film  is  perovskite  and  keeps  its  epitaxial  relationship.  However,  the 
interface  sharpness  disappears.  After  exposure  for  a  long  time  at  high  temperatures,  Sr-diffuses 
out  of  the  film  to  form  SrO  on  the  surface  as  observed  by  SEM  (Figure  13). 


Figure  11:  The  depth  profile  using  XPS.  Cation  concentration  (in  arbitrary  units)  as  a  function  of  sputtering 
time.  Each  scan  was  done  after  different  annealing  conditions.  The  annealing  temperatures  are  reported  on 
each  graph  and  annealing  time  was  lOhrs. 


Counts  Counts 


Figure  12:  The  XRD  results  after  annealing  at  1400°C  from  1  hour  to  48  hours.  The  extra  peak  forming  in 
expense  of  the  LAO  peak. 


Figure  13:  Once  the  Sr  diffuses  to  the  surface,  SrO  forms  on  the  surface  as  observed  by  SEM 
and  EDS. 


There  is  another  school  of  thought  describing  the  intrinsic  behavior.  In  the  original  intrinsic 
hypothesis,  it  was  described  as  the  electrostatic  field  reaching  the  band  gap  energy  and  result  in 
electrons  tunneling  from  the  valance  band  on  the  surface  to  the  conduction  band  at  the  interface. 
The  second  thought  suggests  that  the  electrons  always  form  no  matter  the  thickness,  however 
when  thickness  is  smaller  than  the  critical  thickness,  the  Fermi  energy  is  above  the  valance  band 
maximum  (VBM)  and  the  electrons  flow  to  the  surface. [29]  However  as  the  thickness  increases, 
the  electrostatic  potential  brings  the  VBM  above  Fermi  level  and  stops  electron  transfer  to  the 
surface.  As  a  result,  the  two  dimensional  electron  conduction  is  observed  at  the  interface.  In  this 
nuanced  approach,  the  electrons  always  exist  intrinsically  but  they  get  trapped  at  the  interface 
above  the  critical  thickness.  Thus  the  surface  conditions  and  the  change  in  VBM  in  relationship 
to  Fermi  level  control  the  charge  carrier  density  of  the  2DEG.  For  example,  oxygen  vacancies  on 
the  surface  result  in  the  formation  of  the  2DEG  but  not  due  to  an  extrinsic  effect,  as  doping  of 
the  electrons,  but  due  to  modification  of  the  surface  by  removal  of  the  oxygen  dangling  bonds. 
Thus  suppressing  the  electron  transfer  to  the  surface.  Higher  concentration  of  oxygen  vacancies 
resemble  that  of  a  passivated  surface.  In  such  a  hypothesis,  since  the  electrons  are  not  originating 
from  the  oxygen  vacancies,  the  shallowness  or  lack  thereof  of  the  orbitals  does  not  matter. 
Therefore,  one  would  expect  other  types  of  surface  passivation  to  have  a  similar  effect.  As 
discussed  before  Hydrogenation  of  the  surface  is  one  of  those  methods  of  passivation. [18,19] 
Hydrogen  previously  was  discussed  as  donating  electrons  to  the  interface  but  in  this  hypothesis 
it  functions  as  a  passivator  of  the  surface. 

When  oxygen  leaves  an  ionically  bonded  oxide,  it  leaves  as  a  neutral  oxygen  gas  molecule,  thus 
leaving  two  electrons  behind.  Whether  these  electrons  contribute  to  conduction  or  not  has  been 
discussed  earlier  at  this  report.  In  general,  all  the  electrical  measurements  were  done  on  films 
that  are  exposed  to  atmospheric  air  upon  removal  from  the  deposition  system.  Thus,  they  can 
have  adsorbed  species  on  the  surface.  The  most  common  one  is  the  H20(g),  that  can  go  through 
redox  reaction  on  the  surface. [28]  There  are  different  ways  the  surface  can  be  modified  in  the 
presence  of  moisture.  In  an  ideal  surface  with  no  vacancies  H^  can  attach  itself  to  oxygens  of  the 
oxide  with  I/2O2  leaving  to  the  atmosphere.  In  this  case  two  electrons  per  molecule  would  be 
donated  into  the  system.  In  reality  there  would  be  oxygen  vacancies  on  the  surface  (thus  I/2O2 
might  have  left  during  deposition).  In  this  case,  an  OH"  can  attach  itself  with  Oxygen  filling  in  the 
vacancy  thus  creating  the  same  scenario  as  H  attaching  itself  to  the  oxygen  on  the  oxide.  The 
other  H^  can  attach  itself  to  the  oxygen  in  the  oxide.  The  OH-  attaching  itself  by  filling  an  oxygen 
vacancy  on  the  surface  (thus  by  filling  a  lattice  space)  will  be  called  lattice-OH.  In  this  case,  no 
I/2O2  would  leave  into  the  surrounding  atmosphere.  The  difference  between  the  two  cases  can 
be  seen  only  when  comparing  the  change  before  and  after  exposure  to  moisture.  OH-  ions  can 
also  attach  themselves  to  surface  cations.  In  this  case  they  are  termed  advantageous-OH  and 
they  are  easier  to  remove  in  comparison  with  the  lattice-OH. 


Study  of  the  oxygen  peaks  by  XPS  help  us  quantify  the  three  types  of  oxygen  in  the  system.  The 
oxygen  forming  the  oxide  (01s),  oxygen  filling  the  lattice  site  on  the  surface  with  a  hydrogen 
attached  (lattice-OH)  and  the  advantageous-OH  attached  to  the  cations  (Figure  14). 
Measurements  were  done  on  10  unit  cell  thick  samples.  Since  the  formation  energy  for  Vo 
decreases  and  the  density  of  surface  defects  increases  with  increasing  film  thickness,  the 
thickness  was  kept  constant.  10  unit  cell  thickness  was  also  large  enough  to  provide  shallow 
donor  states.  The  room  temperature  quantified  contents  of  all  three  types  of  oxygen  for  three 
type  of  LAO  films  grown  at  different  deposition  atmospheres  and  the  single  crystal  LAO  is  shown 
in  Table  III.  Lattice-OH/Ols  main  peak  area  ratio  was  fixed  during  this  quantification  since  the 
systems  would  need  to  be  heated  over  1000°C  in  UHV  to  get  rid  of  lattice-OH.  Very  good  fits  with 
this  fixed  ratio  was  achieved.  Angle  resolved  XPS  (ARXPS)  was  also  performed  and  the 
contributions  from  lattice-OH  and  advantageous-OH  was  shown  to  increase  with  decreasing 
angle  indicating  their  location  at  the  surface. 

Quantification  of  the  types  of  oxygen  described  above  showed  that  the  single  crystal  LAO 
mostly  consists  of  the  oxide  oxygen  (01s  also  observed  in  deeper  parts  of  the  film/substrate)  and 
the  advantageous-OH.  Thus  there  were  a  much  lower  number  of  oxygen  vacancies  in  the  single 
crystal,  limiting  the  formation  of  lattice-OH.  This  also  suggests  that  the  presence  of  oxygen 
vacancies  promote  redox  reaction.  For  the  films,  no  matter  what  the  condition  was,  the  lattice- 
OH  was  clearly  observed  indicating  again  that  the  films  were  oxygen  deficient,  as  discussed 
before  during  the  part  on  cation  stoichiometry.  However,  there  was  not  too  big  of  a  difference 
in  the  lattice-OH  content  no  matter  if  the  deposition  pressure  was  lO'^Torr  or  lO'^Torr. 

Heating  the  films  up  to  550°C  in  UHV  of  the  XPS  chamber  was  enough  to  evaporate  most  of  the 
adsorbed  advantageous-OH  (Figure  15).  As  described  above  higher  temperatures  are  needed  to 
evaporate  lattice-OH.  The  content  of  advantageous-OH  decreased  from  values  above  20%  for  all 
the  samples,  including  the  single  crystal,  to  values  below  4%  (Table  IV).  The  quantification  of 
lattice-OH  vs.  advantageous-OH  is  important  since  they  create  different  electrostatic 

Table  III:  Three  different  oxygens  identified  with  peak  fitting  to  01s  peak.  The  area  of  peaks  (shown  in  Figure 
14)  are  used  to  quantify  their  contribution  to  the  total  response  for  three  films  deposited  at  different 
conditions  and  the  single  crystal  LAO. 
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21.3 
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10.7 

26.6 
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64.4 

10.9 
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65.3 

7.9 

26.8 
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environments  on  the  surface.  Lattice-OH  acts  as  a  donor  where  the  H  donates  its  electron,  while 
advantageous-OH  acts  as  an  acceptor.  For  example  it  was  shown  that  the  stability  of  Cu  (+)  ions 
on  Sapphire  is  affected  whether  it  was  adjacent  to  advantageous-OH  or  lattice-OH.[30] 
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Figure  14:  01s  peaks  for  two  films  deposited  at  different  conditions  and  the  single 
crystals  LAO.  The  overlaying  result  of  the  fits  for  three  different  kinds  of  oxygen  is 
also  shown,  as  well  as  the  total  fit. 
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Figure  15:  The  01s  peak  as  a  function  of  annealing  temperature  at  UHV  of  the  XPS 
chamber  showing  the  disappearance  of  the  advantageous-OH.  Individual  fits  for  all 
three  types  of  oxygen  is  also  shown,  as  well  as  the  total  fit.  The  lattice-OH  to  oxide-OH 
ratio  was  kept  constant  since  the  lattice-OH  will  be  stable  at  these  temperatures. 


Table  IV:  The  amount  of  oxide-oxygen,  lattice-OH  and  advantageous-OH  (the  columns  in 
order)  for  three  films  deposited  at  different  conditions  and  the  LAO  single  crystal  after 
heating  up  to  550°C  in  UHV  in  the  XPS  chamber. 


550°C 


single  crystal 

93.5 

2.7 

3.8 

10^-5;  pos.  2 

80.9 

15.3 

3.8 

10M:  pos.  2 

82.9 

14.1 

3.0 

lO^'-A;  pos.  4 

87.1 

10.5 
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